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d-catenin is a brain-specific member of the adherens
junction complex that localizes to the postsynaptic
and dendritic compartments. This protein is likely
critical for normal cognitive function; its hemizygous
loss is linked to the severe mental retardation syn-
drome Cri-du-Chat and it directly interacts with pre-
senilin-1 (PS1), the protein most frequently mutated
in familial Alzheimer’s disease. Here we examine
dendritic structure and cortical function in vivo in
mice lacking d-catenin. We find that in cerebral cor-
tex of 5-week-old mice, dendritic complexity, spine
density, and cortical responsiveness are similar
between mutant and littermate controls; thereafter,
mutant mice experience progressive dendritic re-
traction, a reduction in spine density and stability,
and concomitant reductions in cortical responsive-
ness. Our results indicate that d-catenin regulates
the maintenance of dendrites and dendritic spines
inmature cortex but does not appear to be necessary
for the initial establishment of these structures during
development.
INTRODUCTION
Cell adhesion molecules regulate the establishment and mainte-
nance of cell morphology. In the nervous system, the highly
polarized structures of neurons result, in part, from direct inter-
actions between cadherins, a class of calcium-dependent adhe-
sion molecules that span the plasma membrane, and catenins,
intracellular proteins that bind to cadherin cytoplasmic domains
(Benson and Tanaka, 1998; Fannon and Colman, 1996; Inoue
and Sanes, 1997).
d-catenin is a member of the P120 subfamily of catenins that is
expressed almost exclusively in neurons (Ho et al., 2000; Paffen-
holz and Franke, 1997; Zhou et al., 1997). Expression of d-cate-
nin begins at embryonic day 10 and peaks at postnatal day 7. In
mature neurons, d-catenin localizes to dendrites and dendritic
spines (Kosik et al., 2005), with expression predominantly in
the cerebral cortex, hippocampus, olfactory bulb, and to a lesser320 Neuron 64, 320–327, November 12, 2009 ª2009 Elsevier Inc.degree in the thalamus and cerebellum (Allen Brain Atlas, http://
www.brain-map.org/).
In dendritic spines, d-catenin provides a link to the actin cyto-
skeleton via direct interactions with cortactin (Martinez et al.,
2003) and the Rho-family GTPase, p190RhoGEF (Kim et al.,
2008). Additionally, it interacts with synaptic scaffolding and
receptor binding proteins, including PSD-95 (Kim et al., 2002),
S-SCAM (Ide et al., 1999), AMPA receptor binding protein
(ABP), and GluR-interacting protein (GRIP) (Silverman et al.,
2007). Because neural activity can regulate these interactions,
d-catenin is positioned to mediate activity-dependent alterations
in synaptic adhesion and spine morphology thought to underlie
adaptive changes in neural connectivity (Matsuzaki et al., 2004;
Takeichi and Abe, 2005).
d-catenin’s role in regulating neural structure is not fully estab-
lished. In cultured hippocampal neurons, dendritic branching is
enriched or impoverished, respectively, by d-catenin over- or
underexpression (Arikkath et al., 2008; Elia et al., 2006; Kim
et al., 2008). However, homozygous loss of d-catenin in vivo
does not appear to grossly impact neuronal development;
cortical and cerebellar lamination are grossly normal, as is hippo-
campal formation. Synaptic ultrastructure is also qualitatively
normal in these mice (Israely et al., 2004).
Mutations in d-catenin severely impair cognitive function and
underlie some forms of mental retardation and Alzheimer’s
disease (Israely et al., 2004; Kim et al., 2006; Liauw et al.,
2002; Medina et al., 2000). In humans, d-catenin is localized to
chromosome 5p15.2, the critical region for the severe mental
retardation syndrome Cri-du-Chat (CDCS), which accounts for
1% of all mentally retarded individuals. In patients with CDCS,
the severity of mental retardation correlates with hemizygous
loss of the d-catenin gene (Medina et al., 2000). This link is further
supported by studies demonstrating severe deficits in learning,
memory, and synaptic plasticity in mice with a targeted disrup-
tion of d-catenin (Israely et al., 2004). In addition, d-catenin was
first identified through its interaction with the loop domain of pre-
senilin-1 (Tanahashi and Tabira, 1999; Zhou et al., 1997). The
gene encoding presenilin-1 (PS1) is the most frequently mutated
gene in familial Alzheimer’s disease—a disease characterized by
the progressive loss of synapses and dendrites that precedes
cognitive decline.
To examine how the structure and function of cortical circuits
are altered by the loss of d-catenin in vivo, we used vital imaging
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Figure 1. Dendritic Complexity of Cortical Pyramidal Neurons in 5- and 10-Week-Old d-catenin Mutant and Control Mice
(A) Measurements of total arbor size, segment number, and tip number made from three-dimensional image stacks of layer 5 apical dendrites acquired acutely
in vivo from control (C, red) and d-catenin mutant (M) mice that were 5 or 10 weeks old (PW5, green; or PW10, blue, respectively). Plots are mean and standard
deviation. A single asterisk indicates significance at p < 0.05; two asterisks indicate significance at p < 0.01. CPW5, n = 9 neurons from 6 mice; MPW5, n = 8
neurons from 5 mice; CPW10, n = 30 neurons from 18 mice; MPW10, n = 13 neurons from 7 mice. (B) Plot of dendritic segment number as a function of branch
order from the same dendrites analyzed in (A). Plots are mean and SE. PW5 and PW10 controls are grouped for this plot and displayed as a single line. Asterisks
indicate a significant decrease in branching complexity for neurons imaged in PW10 mutant mice (B and E). (C) Examples of reconstructions of the apical arbors of
a layer 5 pyramidal neuron from a 10-week-old control (upper panel) and mutant mouse (lower panel). Scale bar, 100 mm. (D) Measurements as in (A) from layer 2/3
apical dendrites PW10 control and mutant mice. CPW10, n = 8 neurons from 6 mice; MPW10, n = 6 neurons from 5 mice. (E) Plot of dendritic segment number as
a function of branch order from the same dendrites analyzed in (D). (F) Example reconstructions of the apical dendrites of some of the layer 2/3 pyramidal neurons
analyzed in (D) and (E). Scale bar, 100 mm.techniques to track changes in the structure of dendrites, the
stability of spines on these dendrites, cortical responsiveness,
and the organization of retinotopic maps in visual cortex of
mice with a germline deletion of d-catenin. In 5-week-old d-cat-
enin mutant mice, dendritic complexity, spine density, and
cortical responsiveness were all normal. Thereafter, these mice
experienced a progressive loss of dendrites and spines that
was mirrored by decrements in cortical responsiveness and ret-
inotopic organization. Our observations indicate that, in the
neocortex, d-catenin is critical for the maintenance, though not
the establishment of neuronal structure and function in vivo.
RESULTS
Acute Imaging of Layer 2/3 and 5 Apical Dendrites
In Vivo
Dendrites and dendritic spines were imaged in primary sensory
cortex of transgenic mice expressing EGFP in a subset of pyra-
midal neurons in layers 2/3 and 5 (Feng et al., 2000). GFP-
expressing neurons in these mice receive a pattern of synaptic
input indistinguishable from neighboring, unlabeled neurons
(Holtmaat et al., 2005). In this line of mice, GFP expression in
pyramidal neurons is suitably high for in vivo imaging around
the third to fifth postnatal week in layer 5 and around the eighthto tenth postnatal week in layer 2/3. To determine how d-catenin
influences the development and maintenance of neural circuitry
in primary sensory cortex, we crossed the GFP-M line of mice
into a d-catenin mutant background (see Experimental Proce-
dures). All images of dendrites and dendritic spines were
acquired in vivo.
In 5-week-old mice, measurements of layer 5 apical dendrite
arbor size, segment number, tip number, and branching com-
plexity were not significantly different between age-matched
controls and mutants. When these measurements were made
in 10-week-old mice, the differences were striking (Figures 1A–
1C). Relative to age-matched controls, total arbor length was
reduced by30% in mutant mice. Dendritic geometry was simi-
larly less complex in the mutants. The total number of dendritic
segments and the number of dendritic tips were reduced
by 30%.
Similar impairments in dendritic complexity were also ob-
served in layer 2/3 pyramidal neurons in 10-week-old mutants
(Figures 1D–1F), indicating that these impairments are not
laminar specific. Total dendrite length was reduced by more
than half a millimeter in the mutants, representing a 30% loss
of arbor length. Because layer 2/3 pyramidal neurons do not
express GFP at 5 weeks of age in these mice, we were unable
to examine these neurons at this younger age.Neuron 64, 320–327, November 12, 2009 ª2009 Elsevier Inc. 321
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were not measurably different between mutant and control
mice (data not shown), suggesting that the simpler dendritic
arbors observed in 10-week-old d-catenin mutant mice resulted
from a reduced number of higher-order dendritic segments, not
a global reduction in lengths of all segments.
In accordance with these observations, laser capture quanti-
tative rtPCR showed that in wild-type mice d-catenin RNA is
expressed in both cortical layers and that its levels, normalized
to actin RNA levels and expressed in arbitrary units, do not
change significantly between 5 and 10 weeks of age (layer 2/3:
5 weeks postnatal – 1.8 ± 0.7, 10 weeks postnatal – 2.3 ± 0.9,
p = 0.44; layer 5: 5 weeks postnatal – 1.4 ± 0.5, 10 weeks post-
natal – 1.3 ± 0.23, p = 0.77; n = 4 mice at each age, laser capture
from 10 sections per mouse).
These observations indicate that germline deletion of d-cate-
nin does not impair the normal growth of cortical dendrites or
dendritic spines during development but is detrimental to the
maintenance of these structures in mature cortex.
Longitudinal Imaging of Layer 5 Apical Dendrites
and Spines In Vivo
To obtain a more complete and nuanced understanding of what
is happening to dendrites between 5 and 10 weeks of age in
mutant mice, we repeatedly imaged the same cortical neurons
in vivo each week.
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Figure 2. Timeline of Dendritic Retraction
(A) Neurolucida reconstructions of the apical
arbors of layer 5 pyramidal neurons repeatedly
imaged in vivo each week between postnatal
weeks 5 and 10 in control (upper row) and mutant
(lower row) mice. Red identifies dendritic regions
that retracted between PW5 and PW10. Below
each reconstruction the total length lost and frac-
tional change in the size of the dendritic arbor is
given. Scale bar, 100 mm. In the last trace of the
d-catenin mutant series, actual images of one
domain are presented showing the loss observed
between postnatal week 5 (PW5) and PW10. Scale
bar for the two images is 10 mm. (B) Fractional
change in dendrite length as a function of time in
control (black line) and mutant (gray line) mice.
Dashed lines indicate individual animals. Error
bars are SD. Note that the fractional loss observed
in mutant mice becomes significant relative to
controls at 7 weeks of age (asterisk). (C) Weekly
time series of a dendritic region imaged in a mutant
mouse. Scale bar, 10 mm.
Figure 2 summarizes the results of
these chronic imaging experiments from
five neurons imaged in control mice and
six neurons imaged in d-catenin mutant
mice. Neurons in control mice lost
between 1% and 4% of their total arbor
length between 5 and 10 weeks of age.
The fractional loss observed over the
same time course in d-catenin mutant
mice ranged from 6% to 23% of total
arbor length and reached significance relative to controls at 7
weeks of age. Notably, all imaged neurons in mutant mice expe-
rienced a significant reduction of their apical arbor. However, for
any given neuron, about 40% of its dendritic terminal branches
experienced a retraction greater than 10 mm, with the remaining
60% of terminal branches displaying only very minor losses of
less than 10 mm over a 5 week interval. Thus, the majority of
dendritic length lost in d-catenin mutant mice came from the
retraction displayed on 40% of its dendritic branches. For those
dendrites that did undergo a retraction, the retractions were of
two types—a slow, progressive retraction from the tip or a rapid
retraction with single branches losing between 65 mm and
175 mm in the course of a single week and then remaining sta-
ble at their new length for many weeks (as an example, see
Figure 2C).
Dendritic spines also underwent a progressive change in their
kinetics and density that mirrored the time course of dendrite
loss (Figure 3). At 5 weeks of age, spine density was similar
between mutants and controls. By 7 weeks of age, fractional
spine loss significantly increased in d-catenin mutant mice rela-
tive to controls (Figure 3D), though we observed no measurable
difference in fractional spine gain between the two groups
(Figure 3E). This elevated loss of spines resulted in a significant
decrease in spine density by the seventh postnatal week (KO =
2.32 ± 0.37 10 mm1, WT = 3.64 ± 0.45 10 mm1, p = 0.03), which
continued to drop through the tenth postnatal week (spine322 Neuron 64, 320–327, November 12, 2009 ª2009 Elsevier Inc.
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Figure 3. Spine Kinetics, Lengths, and Volumes Measured along Layer 5 Apical Dendrites
(A) High-magnification images of dendritic spines repeatedly imaged each week in vivo between postnatal weeks 5 and 10 in a control mouse. The age at image
acquisition in postnatal weeks (PW) is stamped above each image. These same time stamps apply as well to the image panels in (B). In both, yellow arrowheads
identify examples of spines that are stable throughout the entire imagining period. Red arrowheads identify examples of spines that are lost. Green arrowheads
identify examples of spines that are gained. Scale bar, 5 mm. (B) Images as in (A) acquired in a mutant mouse. (C) Survival fraction for spines imaged in control and
mutant mice. The survival fraction plots the fraction of spines imaged at the first time point (here 5 weeks of age) that remain at each subsequent imaging interval.
In this and panels (D)–(G), measurements from control mice are plotted using black lines; those from mutant mice are plotted using gray lines. Dashed lines are
measurements from individual neurons in each group. Error bars are SD. Age, in weeks postnatal, is plotted along the abscissa. Note that there is a significantly
lower survival fraction of the mutants observed at 7 weeks of age. (D) Plot of the fraction of spines imaged at postnatal week 5 that have been lost at each subse-
quent imaging interval. Note the significantly higher loss in the mutants at 7 weeks of age. (E) Plot of the fraction of new spines present at each imaging interval that
were not present at earlier intervals. Note there is no difference between the groups. (F) Plot of spine density as a function of age in control and mutant mice. Note
the significant drop in spine density at 7 weeks of age in mutant mice. (G) Plot of filopodia density as a function of age in control and mutant mice. (H) Cumulative
distribution of relative brightness of protrusions from dendritic domains in control mice (blue) and from dendritic domains in mutant mice that were stable over the
5 week imaging period (red) or that had retracted during this period (green). (I) Cumulative distribution of protrusion length, as in (H). In all panels, a single asterisk
indicates significance at p < 0.05 and a double asterisk indicates significance at p < 0.01. Number of spines analyzed: control, n = 4386; mutant, n = 1651. Number
of filopodia analyzed: control, n = 714; mutant, n = 260.density: KO = 1.90 ± 0.45 10 mm1, WT = 3.13 ± 0.64 10 mm1,
p < 0.001; Figure 3F). The density of long, thin, filipodia-like
protrusions was not different between mutants and controls,
though densities trended lower in mutant mice.
We examined the morphology of spines along stable dendrites
in control and mutant mice and along dendrites that ultimately re-
tracted in mutants (Figure 3, panels H and I). Relative brightness
is a measure of spine volume (Holtmaat et al., 2005). An exami-
nation of the relative brightness distribution in Figure 3H shows
that very small volume protrusions (<0.3 A.U.) are maintainedat normal ratios, but midrange brightness is lost (asterisks),
resulting in a rightward shift toward brighter protrusions. Very
thin protrusions are functionally immature, weak, often lack pre-
synatpic partners and are typically formed within 1–3 days of the
image (Knott et al., 2006; Matsuzaki et al., 2001; Trachtenberg
et al., 2002; Zito et al., 2009). This observation that young spines
are represented at normal levels along dendrites that ultimately
retract further supports the conclusion from Figure 3E that new
spine growth is unaffected in mutant mice. Consistent with
a role for d-catenin in the maintenance of dendritic spines,Neuron 64, 320–327, November 12, 2009 ª2009 Elsevier Inc. 323
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Figure 4. Cortical Responsiveness Driven by Vision or Direct Stimulation In Vivo
(A) Schematic showing the size of the visual stimulus presented to each mouse in degrees of visual space. The stimulus was a horizontal bar drifting at 0.125 Hz.
(B) Example maps of cortical responses to visual stimuli, measured as changes in reflectance, in control and mutant mice at 5 and 10 weeks of age. Scale bar,
1 mm. (C) Example phase maps from control and mutant mice as in (B). Below each map is shown a magnified view of the 253 25 pixel arrays highlighted by the
black boxes in the phase maps. Note the greater difference in local phase value in the mutant mice at both ages. (D) Mean and SD of the response magnitude to
visual stimuli at all thresholds for control (values at PW5 and PW10, shown at solid gray lines, were statistically indistinguishable, and pooled and plotted as
a single black line) and mutant mice at PW 5 (dashed line; middle trace) and PW10 (dotted line; lower trace). (E) Plot of mean and SD of the scatter, in degrees,
for phase maps in control and mutant mice. Line styles are the same as in (D). Higher values indicate greater scatter and worse retinotopic organization. Control
PW5, n = 6; mutant PW5, n = 13; control PW10, n = 8; mutant PW10, n = 9. (F and G) Examples of intrinsic optical responses, measured as a change in reflectance,
to direct cortical stimulation at 150 mA in PW5 (F) and PW10 (G) control and mutant mice. Scale bar in (F) and (G), 1 mm. (H) Plots of strength of cortical response to
stimulus intensities of 50, 100, and 150 mA in 5-week-old mice. The strength is measured as the average change in reflectance for all of the pixels included in each
threshold. The strength at threshold 1 is the peak pixel value in the region of interest; the strength at threshold 0.5, for example, is the average strength of each
pixel whose magnitude is greater than 50% of the peak pixel value. Each line is the average across all mice in that group. In these panels it is difficult to see the
gray bars representing measurements from mutant mice because they sit almost perfectly below the lines from the control mice. Control PW5, n = 5; mutant PW5,
n = 6. (I) Plot as in (H), but in 10-week-old control and mutant mice. Control postnatal week 10, n = 9; mutant postnatal week 10, n = 6. Error bars are SD.medium-sized spines are preferentially lost in mutant mice prior
to the retraction of the dendritic domain. No differences in spine
lengths were found between any groups (Figure 3I; KS test,
significance set to 0.05).
Cortical Responses to Visual Stimulation
at 5 and 10 Weeks of Age
Do these dendritic changes alter cortical function? To examine
this question, we acquired movies of intrinsic optical signals as
the mice viewed a bar of light moving at a fixed frequency (Fig-
ure 4A). Fourier analysis of each pixel location’s change in reflec-324 Neuron 64, 320–327, November 12, 2009 ª2009 Elsevier Inc.tance generated two maps: a magnitude map of response ampli-
tude at stimulus frequency (Figure 4B) and a phase map
(Figure 4C) representing the time of the cortical response in the
stimulus cycle (Grinvald et al., 1986; Kalatsky and Stryker,
2003). The phase value of each pixel was converted to degrees
of visual angle and displayed according to a color scale corre-
sponding to the functional retinotopic map. To evaluate the func-
tional organization of the phase maps, we measured ‘‘map
scatter,’’ the average difference in phase between each pixel in
the map and the 24 surrounding pixels. In this metric, measured
in degrees, less scatter is indicative of a smoother map and
Neuron
Dendrites Are Actively Maintained in Mature Cortexgreater precision in receptive field organization (Cang et al.,
2005).
In control mice, we did not observe significant changes
between 5 weeks of age and 10 weeks of age in measures of
cortical responsiveness or functional organization (Figures 4B–
4E). In d-catenin mice, visually driven cortical responses were
degraded by 5 weeks of age relative to age-matched controls
and became progressively more impaired by 10 weeks of age
(Figures 4B–4E).
Cortical Responses to Direct Stimulation
at 5 and 10 Weeks of Age
Because the mutant mice have a germline deletion of d-catenin,
we wondered whether the reduced cortical responses to visual
stimuli were cortical in origin or reflected decrements in the
responsiveness of the retina or the lateral geniculate nucleus of
the thalamus, the earlier stages of visual processing. We exam-
ined this by measuring the strength of the intrinsic signal optical
response to direct cortical stimulation (Figures 4F–4I). Here we
inserted a bipolar stimulating electrode into the cortex and
passed 50, 100, and 150 micro amps of current while measuring
intrinsic optical responses. In 5-week-old mutants, we found no
change in cortical responsiveness relative to age-matched
controls (Figures 4F and 4H). By 10 weeks of age, however,
cortical responsiveness was significantly reduced in the d-cate-
nin mutant mice at all stimulus intensities (Figures 4G and 4I).
These latter measurements support a view in which the loss of
cortical responsiveness parallels the loss of dendrites rather
than precedes it.
DISCUSSION
The anatomical and functional data we present suggest that
d-catenin is required for the maintenance of dendrites and
dendritic spines in mature neocortex but does not appear to
be required for the initial establishment of normal dendrite
complexity and length and spine density in vivo. This conclusion
is somewhat at odds with recent reports documenting the
necessity of d-catenin for normal dendritic growth and spine
formation of cultured hippocampal neurons (Arikkath et al.,
2008; Elia et al., 2006; Kim et al., 2008). Because all of the data
we present here documents changes in mature cortex in vivo,
we can make no statement on whether our conclusions can be
applied to developing hippocampus. Our results also support
a view in which proper cortical function, and by extension, cogni-
tive function, depends on the maintenance of the full complexity
of each neuron’s dendritic tree and the maintenance of the
synaptic input to these dendrites.
Notably, our data do not support a role for d-catenin in the
formation of new dendritic spines. The rate of spine growth
was unaffected in mutant mice, and the cumulative distribution
of spine volumes along retracting dendrites showed no change
in the fraction of small volume spines, which have very short life-
times and typically grow in the 1–3 day period preceding the
image (Holtmaat et al., 2005; Knott et al., 2006; Trachtenberg
et al., 2002).
The observed progressive decline in dendritic length, com-
plexity, and spine density in the d-catenin mutant micedecreases the connectivity of neural circuits. This likely underlies
the loss of cortical responsiveness to sensory and direct stimu-
lation and impairs the integration and processing of information
in these circuits (Hausser et al., 2000). Loss or abnormal connec-
tivity in the cortex has long been suggested to underlie mental
retardation (Kaufmann and Moser, 2000). In humans, d-catenin
is localized on chromosome 5p15.2, the critical region for the
severe mental retardation syndrome, Cri-du-Chat. Breakpoint
analysis in patients with 5p terminal deletions indicates that the
severity of mental retardation correlated with hemizygous loss
of the d-catenin gene (Medina et al., 2000). It is not clear how
dendrites are compromised in CDCS, and attributing any
dendritic anomalies to d-catenin loss is problematic because
semaphorin F, a regulator of axon pathfinding, is also localized
to the same chromosomal region. However, our studies suggest
that CDCS, and other forms of mental retardation could result
from a progressive degeneration of neural connectivity rather
than, or in addition to a deficit of circuit establishment.
These results have additional implications in the pathogenesis
of Alzheimer’s disease. d-catenin was first identified through its
interaction with the loop domain of presenilin-1 (PS1), a region
containing a concentration of Familial Alzheimer’s Disease
(FAD)-linked point mutations (Zhou et al., 1997). FAD is a disorder
characterized in its earliest stages by cognitive decline, followed
by the accumulation of extracellular amyloid plaques, neurofibril-
lary tangles, degeneration of neuronal architecture, and eventual
neuronal loss (Selkoe, 2001). Notably, overexpression of wild-
type PS1 inhibits d-catenin-induced cellular branching and
promotes d-catenin processing and turnover (Kim et al., 2006),
and FAD mutations in the PS1 loop domain, M146V and
L286V, accelerate the degradation of d-catenin (Kim et al.,
2006). The progressive retraction of dendrites and loss of pre-
sumptive synapses in the d-catenin mutant mice bears strong
similarity to the pathogenesis of FAD. It is possible that d-catenin
degradation is enhanced in FAD, resulting in a progressive
decline in protein levels. This, in turn, may contribute to the
observed morphological and pathological changes that occur
in the pathogenesis of FAD.
Taken together, this work indicates a role for d-catenin in the
maintenance of neural function by regulating the stability of
dendritic and synaptic structures in vivo. Our data lend support
to the importance of the maintenance of proper connectivity in
cognitive function and provide insight into mechanisms that
may underlie severe mental retardation and diseases of the
nervous system.
EXPERIMENTAL PROCEDURES
Generation of d-Catenin Mutant Mice
d-catenin mutant mice, expressing a fusion of the N terminus of the protein and
a GFP-stop cassette, were generated as described in Israely et al. (2004). This
fusion protein lacks the armadillo repeats and PDZ domains essential for local-
ization and function. These mice were bred with Thy1-GFP mice (Feng et al.,
2000). Heterozygous offspring were then crossed to produce d-catenin mutant;
Thy1-GFP+/ mice. d-catenin+/+;Thy1-GFP littermates were used as controls.
Two-Photon In Vivo Imaging and Analysis
Surgery, imaging, and analysis were performed as detailed in Chow et al.
(2009). Briefly, for acute imaging experiments the skull was thinned toNeuron 64, 320–327, November 12, 2009 ª2009 Elsevier Inc. 325
Neuron
Dendrites Are Actively Maintained in Mature Cortexa thickness of 20–50 mm under isoflurane anesthesia. For chronic imaging
experiments, the skull was removed and replaced with a 3 mm diameter glass
coverslip. Images of GFP-expressing pyramidal neurons in cortex were ob-
tained using a custom-built two-photon laser-scanning microscope. A Ti:Sap-
phire pulsed laser (SpectraPhysics Mai Tai BB) tuned to 910 nm was used to
excite GFP. Emitted photons were collected using an Olympus 403 0.8NA
IR water-dipping objective lens and were detected using a Hamamatsu
R3896 photomultiplier tube. Control of the microscope and image collection
was carried out using ScanImage software (Pologruto et al., 2003). Dendrites
were traced in three dimensions from image stacks and analyzed using Neuro-
lucida’s Image Stack module.
Intrinsic Signal Optical Imaging
d-catenin mutant mice and wild-type littermates were anesthetized with halo-
thane (5% for induction, 1%–2% for maintenance) and mounted in a stereo-
taxic frame. The eyes were covered with silicon oil. The scalp covering the
right occipital cortex was resected and the skull covered with agar and a glass
coverslip. The region of the skull over V1 was illuminated with 546 nm light to
acquire an image of the surface vasculature. For ISI the preparation was illu-
minated with 700 nm light and imaged with a tandem lens macroscope defo-
cused 600 mm into the brain. Images were acquired with a 12-bit CCD
camera (Dalsa 1M30), frame grabber (Matrox Meteor II/Dig), and custom soft-
ware. The visual stimulus was a white horizontal bar, 2 degrees in height,
which drifted up or down at 0.125 Hz on a black background. An 8 min-
long movie was taken for each direction (up/down), for a total of two movies.
Acquisition was at 30 frames per second, and the 12-bit frames were binned
in software four times temporally and 2 3 2 spatially, resulting in 16-bit image
files. From movies of these 16-bit files, Fourier analysis of each pixel column
generated maps of magnitude and phase at 0.125 Hz (Kalatsky and Stryker,
2003). Scatter was computed on phase maps that were corrected for hemo-
dynamic delay using time reversal (Kalatsky and Stryker, 2003; Cang et al.,
2005). The region of interest was defined using the magnitude map after it
had been smoothed using a 5 3 5 Gaussian filter. The phase value for
each pixel in the masked phase map was compared to the average of its
neighbors in a 5 3 5 box, and the average difference for each map was
calculated. In practice, this method is capable of detecting retinotopic
maps even when response magnitude is weak (Smith and Trachtenberg,
2007). Maximum and mean magnitude values were taken from unfiltered
magnitude maps.
Direct Cortical Stimulation and Imaging
Mice were anesthetized with halothane (1%–2%) in oxygen. Body temperature
was maintained using a regulated heating pad (AD Instruments; ML295M).
A 2 mm diameter region of the skull overlying the primary visual cortex was
thinned using a high-speed micro drill (Fine Science Tools, 18000-17). Drilling
was stopped every 10 s to prevent thermal damage to the underlying cortex.
A scalpel (Surgistar; 38-6900) was used to finish thinning the skull to a thick-
ness of 50 mm. A small burr hole less than 200 mm was made in the center
of the thinned region through which a bipolar stimulating electrode (FHC;
CBBEP50) was inserted at an angle of 45 degrees until the tip reached a depth
of 250 mm below the pial surface. Current was passed using an AMPI stimulus
isolation unit triggered once every 8 s for 8 min by a Master-8. The intrinsic
signal optical response to direct cortical stimulation was monitored using
630 nm illumination. An 8 min movie was generated at 7.5 frames per second.
Each frame of the movie was 256 3 256 pixels at 16 bits. A Fourier-transform
was performed on each pixel column in the movie to generate a map of cortical
responsiveness, as detailed in (Smith and Trachtenberg, 2007). For each
animal, three runs each at 50 mA, 100 mA, and 150 mA were acquired and aver-
aged to produce one average map for each mouse at each of the three stim-
ulus intensities. Maps were analyzed using custom MatLab routines as
described in Faguet et al. (2009).
Statistics
Significance was computed using the Wilkoxon rank sum test. For compari-
sons of cumulative distributions, a Komogorov-Smirnov test was used.
p values were corrected for multiple comparisons using the Bonferroni
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